Single molecule DNA sequencing requires new approaches to identify nucleotide bases. Using molecular dynamics simulations, we investigate the intrinsic electrostatics of Keywords: Single molecule DNA sequencing; molecular dynamics; molecular electrostatic potential.
Introduction
Deoxyribonucleic acid (DNA) is a long chain of sequentially ordered arrangement of four types of nucleotide bases: Adenine (A), Thymine (T), Cytosine (C), and Guanine (G). The distance between each subsequent nucleotide base is ∼ 3.4Å, and the diameter of a DNA double helix is between 22 to 26Å.
1 Detecting this sequence of nucleotide bases is called DNA sequencing.
2 Fred Sanger devised the first method of DNA sequencing based on the selective incorporation of chainterminating dideoxynucleotides by DNA polymerase during in vitro DNA replication in 1977. 3 This first generation DNA sequencing method is still in use in various improved format such as slab gel and capillary electrophoresis. 4, 5 Faster and inexpensive DNA sequencing approaches have been developed, leading to the second generation of sequencing technologies that require collection of DNA strands, such as DNA microarrays based on hybridization of complementary strands, and automated DNA sequencers with fluorescence tagging of terminals with different fluorophores. 2, 6 The next generation of sequencing technology, often referred to as the third generation, is envisioned to be based on individual molecules of DNA with the aim of achieving an unprecedented sequencing rate in order to sequence a complete human genome in several hours with less than $1,000 per genome. 
11,12
In nanopore technology, an nm-sized pore is fabricated on a membrane through which a DNA strand is passed with a gradient electric field. An electric current is established through the nanopore that changes with the sizes of the bases when a DNA strand is translocated through the pore from one side of the membrane to the other. The changes of the current flow through the nanopore are monitored, and the sequence is decoded from the patterns of the relative current flow during this translocation process. By observing several independent parameters, such as time duration and temperature, along with the blocked current, the discrimination accuracy among various nucleotide types increases. 13 The SMRT technique utilizes a zero-mode waveguide (ZMW) to capture fluorescence emitted from individual tags as DNA is synthesized using DNA polymerase enzyme.
The electrostatics around a molecule can be calculated using Poisson-Boltzmann equations, 14 and the charges, atomic arrangements, surrounding medium and shapes of the DNA and the dielectric boundary could affect the electrostatic potentials significantly. 15 It has been shown that the electrostatic interaction between two DNA molecules in a membrane depends on the charge density of the membrane and the distance between the two molecules. 16 Electrostatic interactions play a key role in various aspects of the structure and function of nucleic acids since they are highly charged molecules. or the two state photon trajectory-based classification could lead to atomic level sensitivity and selectivity. [24] [25] [26] [27] With new genetically encoded stress FRET-based sensor, mapping the stress field in a heterogeneous time-dependent environment has been demonstrated in vivo with a greater dynamic range and sensitivity.
28
The motivation of this study is to explore the potential of harnessing the inherent electrostatic properties of a single stranded DNA to enable single molecule DNA sequencing. If such technology can be materialized, rapid DNA sequencing without time-consuming sample preparation steps and polymerize chain reaction might be conceived. Investigating the electrostatic potential induced by the DNA itself while translocating through the nanopore is largely uncharted territory. This paper presents this unique prospective and investigates the feasibility of single molecule DNA sequencing-based solely on the intrinsic electrostatics of DNA for a heterogeneous time-dependent sensing. Our analysis indicates that sufficient differentiation of electrostatics exists at a very close proximity to enable direct electronic sequencing of individual DNA molecules.
Modeling
We utilize molecular dynamics (MD) simulation as the tool for this analysis. We have simulated single-stranded DNA (ssDNA) molecule in this analysis, as the differences in electrostatic distribution among various nucleotide bases can be probed easily. For double-stranded DNA (dsDNA), nucleotide bases are inward of the helix structure and bound to complementary bases, whereas for ssDNA, nucleotide bases are exposed; enabling spatial probing. Hence, we studied electrostatic models of ssDNA, measure and analyze the molecular electrostatic potential (MEP) around the ssDNA, and explore detectable variations among four types of nucleotide bases (A, G, C, and T). The DNA molecules that are studied in this work are nucleic acids with conformation of B-DNA, which has been directly observed in functional organisms. 29 The Protein Data Bank (pdb) files of the DNA, which contains the atomic positions in three-dimensional format, have been created from the publicly available tool at 3D-DART. 30 This model is used for MD simulation by solvating the molecule with water and incorporating appropriate ionic atoms as mentioned below. At first, the dsDNA is separated into two chains and then converted to ssDNA molecules using Visual Molecular Dynamics (VMD) software. 31 Afterwards, the Protein Structure File (psf) files of the DNA, which contains atomic information including types, charge, mass, and radius, have been created using the "psfgen" plugin available in VMD by applying CHARMM (Chemistry at HARvard Macromolecular Mechanics) force field. Each ssDNA is then solvated with a box of TIP3P (a very popular model where the three-site model has three interaction sites, corresponding to the three atoms of the water molecule) water with dimensions of 100Å, 100Å, and 180Å along the x-, y-, and z-axis, respectively. The system is ionized with Na + and Cl − ions to achieve a concentration of 0.025 mol/L and to make the overall system neutral, using the "autoionize" plugin available in VMD.
In this work, we have not looked into the effect of ionic concentration on MEP, however we anticipate the effect could be a shift of bias or offset of the observations reported here. Energy of each system, consisting over 96,000 total atoms, is minimized towards steady state using a scalable molecular dynamic simulation software, NAMD. 31 The minimization is simulated for 10,000 steps with 1 fs per step using CHARMM force field. The calculation presented in this paper is based on the obtained system minimized to the stable state.
To calculate the molecular electrostatic potential, all atoms must have charge information. To achieve this, the pdb files of the ssDNA are converted to pqr files that have the corresponding atomic charge information, applying the pdb2pqr software with the CHARMM force field. MEP is calculated using Adaptive PoissonBoltzmann Solver (APBS) software (freely available macromolecular electrostatics calculation program governed by GPL). Each system was mapped onto a cube lattice of 161 × 161 × 161 points and the grid lengths are 132Å in any of x-, y-, and z-directions. MEP was calculated at each point inside the cube that can have a maximum of ∆/2 error along x-, y-, or z-axis, where ∆(= 0.825Å) is the distance between two measurement points (i.e. the grid spacing). The salt concentration is 0.025 mol/L, and the internal and external dielectric coefficients with respect to atomic volume are assumed to be 1 (e.g. vacuum within the atom) and 78.54 (e.g. surrounding water), respectively. If these conditions were to be relaxed, e.g. dielectric constant of 3 within any atom, the observed data will possibly shift correspondingly with similar trends as reported here. The simulation results are rendered with VMD, and the electrostatic potentials have been visualized with VMD, analyzed and plotted with Matlab (MathWorks Inc., MA, USA) and MicroSoft Excel (MicroSoft Corp., CA, USA).
Results
For numeric analysis a sufficient length of DNA strand needs to be considered that eliminates terminal effect but not very computationally expensive. The length of ssDNA sequence studied in this work is 25 base-pair (bp) long, i.e. the monomers are poly(dA) 25 , poly(dT) 25 , poly(dG) 25 and poly(dC) 25 , and have monitored electrostatics around the residue-13 nucleotide (13th base at the center of the ssDNA sequence). Later, we show that the length of 25 bp is sufficiently long to ignore the terminal effects on the bases under observation. Color scale (kT/e) 25 , poly(dT) 25 , poly(dG) 25 and poly(dC) 25 . The color scale shown at the bottom is from −5 kT/e (blue) to −2 kT/e (red). Figure 1 shows two-dimensional electrostatic potential distribution map in a plane perpendicular to the DNA helix (oriented along the z-axis of the simulation box) around the residue-13 nucleotide (central base) of ssDNA monomers. The ssDNA is oriented such that the center of the sugar backbone and the center of the nucleotide base are on the x-axis. MEP evidently demonstrates slightly different patterns for each nucleotide. We note that the atomic electrostatic variations diminish within ∼ 3 nm distance to bulk potentials. Hence an effective electrostatic sequencing mechanism must probe within this distance from the ssDNA strand.
To study the variations around the ssDNA molecules, we analyzed MEP around the bases at four different radii (1 nm, 1.4 nm, 2 nm, 3 nm) on the xy-plane. The center of the sugar backbone of each nucleotide configuration is used as the reference, and the angle is measured counterclockwise from the center of the nucleotide along the x-axis of plots in Fig. 1 . The values are plotted in Fig. 2 at every 2 • for all four nucleotide bases. Figure 2 depicts that the variations among the MEPs are the most diverse between radii 1 to 3 nm. We note that at distance of 1 nm, substantial variations are observed within 45
• and after 315
• due to the measurement points being inside the nucleotide atoms. The figure also indicates that there are two angular ranges where the variation among four bases peaks, one of them reside around 33.7
• , while the other is around 326.3
• . The corresponding data is presented in Table 1 . We have selected the radius of 1.4 nm from the center of the nucleotide backbone, a feasible probing distance, with an angular orientation of 33.7
• from the x-axis for further analysis. Analysis along other radii and angular orientations are similar.
The calculations are performed with various grid/lattice sizes with values ranging between ±0.01 to ±0.1 without any visually noticeable changes, indicating minimum sensitivity of the data on the grid/lattice size. Further, we investigate the influence on the electrostatic field distributions of the central nucleotide base from the neighboring nucleotides of the ssDNA strand. To reduce the number of combinations to be simulated, we limit the combinations of inserts to only identical bases symmetrically (with respect to residue-13) inserted at the middle of a monomer of ssDNA, replacing the corresponding bases of the monomer. The 64 combinations are simulated and categorized into four groups based on the nucleotides being inserted (Fig. 3) . In the first group, MEPs are calculated for 1, 3, 5, 7, and 9 base insertions of nucleotide base-A in the middle of monomers of poly(dA) 25 , poly(dT) 25 , poly(dG) 25 , and poly(dC) 25 . Similarly, other groups of simulations inserted nucleotide bases of T, G, and C into all four types of monomers.
An insertion of 1 base represents MEP influence by all adjacent bases of the same or different kinds (denoted as 1st-nearest neighbor influence). A symmetrical insertion of 3 bases yields the first neighbors on both sides to be of the same type, while from the 2nd-nearest neighbors to the terminals, original monomer bases are preserved (denoted as 2nd-nearest neighbor influence), and so on. Evidently the data shows the influence of neighboring bases diminishes for 5 or more inserted bases (3rd-nearest or higher neighbor influence). As the number of inserted base increases, MEP results trend to the MEP consisting of polymers of the inserted base. For instance, the MEP of nucleotide 13 in the DNA polymer of poly(dG) 10 poly(dT) 5 poly(dG) 10 will be closer to poly(dT) 25 than poly(dG) 25 , as depicted in Fig. 3(b) . From this prospective, we show that simulations with 25 bp ssDNA for probing electrostatics at the residue-13 will have insignificant terminal effect on the analysis.
Conclusions
In this work, we have analyzed and studied the electrostatic distribution and MEP around ssDNA to demonstrate the feasiblity of direct indentification of nucleotide bases for single molecule DNA sequencing. We show that a proximal probing location around 1.4 nm at 33.7
• might distinctly identify four types of nucleotide base polymers for a time-dependent heterogenous sensing of DNA polymers. However, the influence of at least 3rd-nearest neighbor must be taken into account, possibly using an adaptive or decision-directed sequencing algorithm. Furthermore, a simultaneous probing of both 33.7
• and 126.3
• at proximities of ∼ 1.4 nm would additionally improve the ability to uniquely identify each nucleotide base. Due to the structural similarities, the nucleotide-bases of A and T types have very small noise margin for distinction (Figs. 2 and 3 ). This discrimination difficulty of "naked" bases of A and T might be improved through simultaneous probing at multiple locations or differentially ionizing one of the bases. Influence of noise such as thermal noise and shot noise are critical on such single molecule probing as the noise floor essentially dictates the sensitivity and specificity. Signal processing techniques such as oversampling, notch filtering, and iterative numerical analysis methods can be exploited to reduce the noise in the processed signals to obtain a cleaner signal with a higher signal to noise ratio. Future research direction includes studying a random sequence of DNA strand, effect of ionic concentration of salts and dynamics, effect of probing such as nanopore wall, studying the MEPs around ssDNA during heating and equilibration to explore the relative oscillations and rotations of the nucleotide bases within the DNA strand and the resultant sensitivity on the observed MEP at the probing point. The potential probing technique could be two-state photon trajectories, 25-27 quantum dot, or functionalized conductive carbon nanotube, among others that could allow probing relatively away from the nanopore wall or sensor structure to minimize their effects on MEP measurement.
